N itrogen is the most frequently defi cient nutrient in agricultural production (Tisdale et al., 1993) , and represents approximately 60 to 80% of the energy inputs for canola or cereal-based cropping systems (Burgess, 2012; Burgess et al., 2012) . Seeder confi guration and N fertilizer costs oft en drive decisions regarding fertilizer form, placement, and timing. Direct seeding and zero tillage, which allow for simultaneous seed and fertilizer placement, are common management practices in the northern Great Plains (O'Donovan et al., 2008) . Th is can reduce energy costs and minimize soil degradation from implement wheel compaction. Th e most cost-eff ective granular form of N is urea [CO(NH 2 ) 2 ] as it has a high N concentration and lower relative manufacturing, handling, storage, and transportation costs (Tisdale et al., 1993) . Once applied to the soil, urea is hydrolyzed by the enzyme urease to ammonia-N (NH 3 -), which temporarily creates a high concentration of NH 3 -, and then converts to ammonium N (NH 4 + ). Th e conversion from NH 3 -to NH 4 + can be delayed by dry soil conditions or coarse-textured soils, which increases the potential for volatilization in wet, windy conditions, or phytotoxicity to seeds and plants when seed-placed (Tisdale et al., 1993) . Narrow seed bed utilization (i.e. "single-shoot" seed/fertilizer openers), or excessive rates of seed-placed N can lead to phytotoxicity eff ects (Bremner, 1995; Grant and Bailey, 1999) . Th ese eff ects, which can lead to stand thinning, presents a management concern when fertilizer placement with seed is desired and optimum N rates for cereals or canola may exceed safe limits for seedling establishment.
Studies of dryland wheat production in the western Prairies have demonstrated that grain yield is optimized within the range of 40 to 90 kg N ha -1 (Beres et al., 2008b (Beres et al., ,2012 Karamanos et al., 2005; McKenzie et al., 2006a; Selles and Zentner, 1993) . Irrigated production would increase supplemental N requirements to at least 75 kg N ha -1 (Beres et al., 2008a) and as high as 180 kg N ha -1 (McKenzie et al., 2008) . Seedling injury has been reported for seed-placed urea at rates as low as 40 kg N ha -1 for barley (Hordeum vulgare L.) (Grant and Bailey, 1999; O'Donovan et al., 2008) . Furthermore, seed-placed rates above 28 kg N ha -1 were shown to reduce canola and durum wheat (T. turgidum L.) seedling emergence (Malhi et al., 2003) and McKenzie et al. (2006b McKenzie et al. ( , 2007b reported a substantial reduction in winter wheat stand and in mustard (Sinapsis alba L.) at rates as low as 30 kg N ha -1 .
Th us, simultaneous seed and N fertilizer placement in a single band would benefi t from controlled-release urea as urea release and hydrolysis is modulated to minimize toxicity eff ects. For seed-placed situations, polymer-coated urea has been reported to be superior to controlled-release forms such as N-(n-butyl)-thiophosphoric triamide urease inhibitor (Malhi et al., 2003) . A relatively low-cost polymer-coated urea is ESN (Agrium, Calgary, AB) , which could be used in seedplaced situations to increase N rates to desired levels without creating phytotoxicity eff ects (McKenzie et al., 2007a) . Safe rates for ESN as established by the manufacturer indicate that rates can exceed uncoated urea by up to 50% (Agrium, 2006) . Furthermore, no apparent stand thinning was observed in a study of seed-placed ESN in spring cereals through the highest rate of 120 kg N ha -1 (R.H. McKenzie, personal communication, 2011) .
One issue not reported is the eff ect of handling on the polymer surface of ESN. Before the fertilizer is fi nally placed in the soil, the product has been loaded and unloaded at the manufacturing plant, the retail point, and on the farm where it is eventually fi eld-applied with a seed drill or boom applicator equipped with an air-assisted delivery system. Th e eff ects of abrasion or damage to the coating when subjected to impact points such as defl ector plates, air manifolds, and shank exits could alter the expected rate of N release and produce less than desirable eff ects in the fi eld. Th e objectives of this study were to (i) relate ESN release data to stand establishment, crop growth, and grain yield of canola, winter wheat, winter triticale, spring wheat, and spring triticale; and (ii) determine the eff ect of retail and on-farm handling on the coating integrity of ESN when seed-placed with canola, winter wheat, or spring wheat.
MATERIALS AND METHODS
Field experiments were conducted from 2008 to 2011 at four locations near Lethbridge, AB, Canada. Th e sites are an Orthic Dark Brown Chernozem clay loam soil (Typic Boroll). Crop management at the study sites before the establishment of fi eld trials usually consisted of a continuous cropping regime of oilseeds, cereals, and pulse crops; however, 3 of the site-years were planted in land that had been fallowed aft er forages or cereal production. Sites were selected to represent a range of soil moisture and cropping regimes and included rainfed sites and locations with a history of irrigation. Soil macronutrients were amended to levels that optimized crop production. Soil organic matter of the sites in the 0-to 15-cm depth ranged from 28 to 42 g kg -1 and the mean soil temperature in the top 5 cm of soil for the fi rst 14 d aft er spring planting ranged from 10.9 to 13.8°C, and 2.3 to 14.4°C for fall planting.
Separate experiments were conducted for the simulated abrasion and handling studies at each site. Th e simulated abrasion experiment (Exp. 1) consisted of 10 kg ESN lots that were rolled in a cement mixer drum with 2 kg of crushed landscape rocks to create abrasion severity calibrated by increasing the time durations in the drum to achieve lots that diff ered by 10% in total N release when immersed in water at 23°C for 7d (Table 1) . A detailed description of N release methodology is reported by Zhang et al. (2000) . Th e nine treatments were arranged in a randomized complete block design with three blocks (Table 1) . Th e handling study (Exp. 2) involved three factors that were perceived to potentially aff ect the integrity of the polymer coating: (i) Retail point handling, which consisted of two loading methods: (a) loading the product using a blender that was scaled with fertilizer deposits, or (b) loading product aft er the blender fi rst loaded 10 t of potash for the purpose of descaling the blender to minimize abrasion; (ii) Farm handling, which consisted of two loading methods: (a) loading product into a tote or "mini-bulk" bag (Trimeg holdings LTD, Calgary, AB, Canada) using a 15 cm diam., steel-fl ighted auger (Brandt Manufacturing, Regina, SK, Canada), or (b) no auger employed-material poured directly into tote bag at retailer and emptied through spout on the bottom of the tote; and (iii) Method of application, which consisted of (a) control-not handled, (b) ConservaPak air drill (Model CP 129A, Vale Farms, Indian Head, SK, Canada) set to high fan speed, (c) ConservaPak air drill set to medium fan speed, (d) Flexi-Coil delivery system with Easy Flow Header manifold (CNH, Saskatoon, SK, Canada) and John Deere MaxEmerg opener (Moline, IL), (e) Flexi-Coil delivery system with product metered to calibration tube, not through manifold, (f) "Barber" drop spreader (Barber Engineering Company, Spokane, WA) set at high rate or wide opening, (g) Retail and farm handling (Exp. 2)
Retail handling
Blender ESN loaded from blending unit not previously cleaned, or blender "polished" with 10 t of potash before loading
Farm handling
Drill-fi ll ESN loaded into implement using auger-style drill-fi ll or pulled directly from mini-bulk tote bag without using drill-fi ll
Delivery methods
ConservaPak air drill ESN retrieved from fertilizer shank exit of each boot at high and medium fan speeds Flexi-Coil Easy Flow delivery system ESN retrieved from shank exit of each boot, or header-manifold by-passed and product retrieved from calibration tube Drop spreader "Barber" drop-spreader set at high rate or medium rate openings
Valmar air boom Granular applicator ESN retrieved from each exit point on boom at high and low fan speed settings.
Control
No delivery method employed.
Barber drop spreader set at medium rate or opening, (h) Valmar air boom applicator (Model 245, Valmar Airfl o Inc., Elie, MB, Canada) set to high fan speed, and (i) Valmar air boom applicator set to low fan speed. For implements with more than one exit point, a sample of product was collected by combining equal quantities from each exit point into a composite sample. Th e three factors (retail handling, farm handling, and method of application) were combined into a 36 treatment, factorial randomized complete block design with three blocks (Table 1) . To determine crop responses to the variations in abrasion levels and corresponding rates of N release for both experiments, samples were seed-placed with canola (cultivar Invigor 5020), winter wheat (cultivar AC Radiant), spring wheat (cultivar CDC Go), winter triticale (cultivar Bobcat), and spring triticale (cultivar Pronghorn). Triticale was not included in the handling study (Exp. 2) . Th e canola and cereal plots were sown at rates of 150 seeds m -2 and 300 seeds m -2 , respectively. Seed-placed ESN rates for canola and cereals were 45 kg N ha -1 and 90 kg N ha -1 , respectively, which would be three times the safe rate of seedplaced uncoated urea. Plots consisted of four rows spaced 23 cm apart with an overall size of 0.92 m wide by 3 m long, and sown in early spring or late summer using a self-propelled plot seeder equipped with a cone splitter and zero-tillage double disc openers. Th e seed bed utilization for this seeder confi guration is narrow and would be approximately 10%.
Th e assignment of 20% N release as the check control was determined aft er N release data (N release when granules immersed in 23°C water for 7d) from the handling study showed that product handled properly from manufacturing to the retail point generally arrived at the farm with abrasion levels consistent with around 20% N release (Table 2 ). We also validated that the seeding operation using the cone seeder to seed-place the handled fertilizer did not further abrade the product (Table  2) . Th e N release value in water from ESN granules that were passed through the cone-seeder were consistent with unabraded granules which had 10% release values.
Measured preharvest crop response variables were stand establishement (1 m of row counted at two random areas in plot) and early-(Zadoks 31) and late-season (Zadoks 37) vigor, (scale of 1-5 rating with 1 having very poor vigor and color, and 5 having very vigorous growth habit and bright green coloration). To determine N eff ects on canopy architecture the vegetative indices, normalized diff erence vegetative index (NDVI) was calculated using a Greenseeker handheld device (NTech Industries, Ukiah, CA). Th e NDVI values were calculated using the equation NTech, 2007) . It was used to assess treatments for nutrient status and crop health (green color); crop vigor, and to determine diff erences in biomass. Th e fi rst reading of NDVI was recorded approximately 3 wk aft er emergence at Zadoks 31, and repeated 3 wk aft er the fi rst reading at Zadoks 37. All measurements were taken within 2 h of solar noon. Leaf area index (LAI) was determined using a handheld AccuPAR LP 80 Ceptometer (Decagon Devices, Pullman, WA; http://www. decagon.com/assets/Uploads/HowtheLP80MeasuresLAI.pdf), which is defi ned as the one-sided green leaf area of the crop canopy per unit of ground area. Th is was achieved by fi rst measuring above the canopy on a leveled tripod in a location with an unobstructed view of the sky and below canopy, placing the ceptometer level and linearly between rows. Timing of data collection followed the NDVI protocol and was collected at the same crop growth stage as the second NDVI reading. Plots were harvested at crop maturity using a Wintersteiger Expert (Wintersteiger AG, Salt Lake City, UT) plot combine equipped with a straight-cut header, pickup reel, and crop lift ers. Grain yield was calculated from the entire plot area and corrected to 14 g kg -1 grain moisture. All grain collected from plots were retained postharvest to characterize grain bulk density (kg hL -1 ) and grain protein (cereals only) as per industry standards (Canadian Grain Commission, 2011) . Grain protein concentration was determined from whole grain using near infrared refl ectance spectroscopy technology (Foss Decater GrainSpec, Foss Food Technology Inc, Eden Prairie, MN).
Data were analyzed by crop with the Mixed procedure of SAS (Littell et al., 2006) . Homogeneity of error variances was tested using the UNIVARIATE procedure of SAS; and any outlier observations were removed before a combined analysis over years and environments (site-year) was performed. For analyses by environments, block was considered random and treatment eff ects were considered fi xed and signifi cant if P ≤ 0.05. Results by environment indicated similar treatment response patterns among environments; therefore, a combined analysis was performed with block, years, environments, and their interactions considered random eff ects and treatment eff ects fi xed and signifi cant if P ≤ 0.05 (Steel et al., 1997) . Comparisons between Least Square means were determined using Tukey's Honest Signifi cant Diff erence method.
A grouping methodology previously described by Francis and Kannenberg (1978) and later adapted to agronomy studies (Beres et al., 2010a; Gan et al., 2009; May et al., 2010) to further explore treatment responses. Th e mean and coeffi cient of variation (CV) were estimated for each level of the treatment and plotted against each other. Th e overall mean of the treatment means and CVs was included in the plot to categorize the biplot ordination area into four quadrats/categories: Group I: High mean, low variability (optimal); Group II: High mean, high variability; Group III: Low mean, high variability (poor); and Group IV: Low mean, low variability.
was used

RESULTS
Experiment 1: Simulated Abrasion Study Grain yield of canola decreased with increasing rate of N release treatments and resulted in a 20% loss in grain yield at the highest levels of coating abrasion and N release (Table 3) . Crop vigor, NDVI, and LAI also decreased as abrasion increased and with more rapid release of N (Table 3) . Plant vigor and NDVI tended to decrease linearly as abrasion and N release treatments increased, which is an indication of diminished health and competitiveness. However, when NDVI was assessed 3 wk later the magnitude of change among treatments had diminished. Leaf area index was reduced with increasing rates of N release in canola. Th e ANOVA F test and single degree of freedom contrast results for canola indicate a signifi cant linear decline in stand establishment with increased levels of abrasion to the polymer coating, causing subsequent greater N release and likely leading to phytotoxicity eff ects. Stand thinning increased by 30% in canola stands from the unabraded to the 80% N release treatment (Table 3) .
Increased levels of abrasion to ESN did not produce diff erences in grain yield or protein in winter cereals but did aff ect all other yield components in winter wheat and stand establishment in winter triticale (Table 4) . Crop compensation to stand thinning and reductions to spike density was most apparent in winter wheat. Th e negative eff ect from abraded ESN was overcome in winter wheat through its tillering capacity (spikes per plant) in treatments with the highest degree of stand thinning and reduction to spike density. Th e upward linear trend of spikes per plant at the highest rate of N release treatment allowed the winter wheat crop to maintain high yield potential irrespective of N release treatments (Table 4) . Th is response was less apparent in winter triticale, which displays a lower tillering capacity (Beres et al., 2010b) , where a downward trend in grain yield occurred at higher rates of N release treatments (Table 4) .
Crop vigor, NDVI, and LAI were aff ected in winter cereals with increased N release treatment (Table 5 ). Single degree of freedom contrasts indicate a linear decrease in all crop canopy measurements as abrasion and N release treatment increased, which is an indication of diminished health and vigor (Table 5) . However, crop compensation is apparent in the plant vigor and NDVI observations. Readings collected later in the vegetative stage remained signifi cant and continued to decrease with increased N release treatments, but the magnitude of change was smaller than that observed in the earlier vegetative phase. For example, NDVI diff ered by 30% from the lowest to highest rate of N release treatment in the early growth phase but narrowed to 20% when the second NDVI reading was collected (Table 5) .
Th ere were no diff erences observed between levels for grain yield, yield components, and grain quality in spring cereals with the exception of stand establishment in spring wheat and grain yield in spring triticale, which was strongly aff ected by the N release treatment (Table 6 ). However, single degree of freedom contrast results revealed a downward linear trend in spring cereal yield and yield components with the exception of spikes per plant. Stand establishment was reduced by 20 and 10%, respectively, for spring wheat and spring triticale when the N release treatment increased from unabraded to the highest abrasion level. Spring wheat and spring triticale grain yield was similarly reduced by 11 and 8%, respectively. Although there were fewer signifi cant F tests in spring cereals, which indicates less sensitivity to increased N release treatments, spring cereal plant compensation to stand thinning was not apparent as spikes per plant or tillering capacity did not change in response to increased N rates (Table 6) .
Spring wheat vigor and early season NDVI was aff ected similar to winter cereals as increased N release treatments reduced vigor and NDVI (Table 7) . However, the diff erences were not of the same magnitude and did not diff er in late season NDVI. Moreover, LAI, which was collected at a similar crop phase to the second NDVI reading, was unaff ected in spring cereals (Table 7) . 
Experiment 2: Retail and On-Farm Handling Study
Th e main eff ects of retail and on-farm handling altered most crop growth and vigor indices in canola and winter wheat. Generally, there were no diff erences observed between the control and most implements with the exception of the FlexiCoil Easy Flow manifold-header, which caused reduced vigor in canola (Table 8) , and reduced vigor and NDVI in winter wheat (Table 9 ). Changes to NDVI from implement choice diminished at the latter stages of the vegetative phase. Leaf area index was unaff ected by implement in both crops. Th e two methods of loading product at the retail point altered winter wheat crop vigor (Table 9) , and crop vigor and LAI in canola (Table 8) . Th e preventative maintenance of running potash through the blender before loading the ESN resulted in less abrasion to the polymer coating and thus maintained vigor in winter wheat and vigor and LAI in canola (Tables 8 and 9 ). Eff ects of loading methods on the farm (drill-fi ll) were insignifi cant for canola and spring wheat and only marginally signifi cant for winter wheat crop vigor (Table 9) . Although there were higher order interactions observed (Table 8) in canola for NDVI and vigor, there were no Spring wheat generally displayed no sensitivity in crop growth or vigor indices to retail or on-farm handling (Table 10) . Eff ects from implement choice aff ected winter wheat and canola stand establishment but no response was observed in spring wheat (Tables 8, 9 , and 10). Th ere were generally no negative eff ects to stand establishment in canola or winter wheat except when product was run through the Flexi-Coil Easy Flow manifold-header. For this implement, canola stands were reduced 20% from the control, Conserva Pak (medium fan speed) and the Drop Spreader (Table 8) . Stand was also 13% lower in winter wheat compared to the control, Drop Spreader (medium rate) and when the Flexi-Coil was set to bypass (Table  9 ). Th ere was no eff ect from on-farm handling through a drillfi ll on stand establishment in all three crops. Th ere were no eff ects observed for grain yield from the main eff ects. However, the interaction of the main eff ects was marginally signifi cant for all crops and the interaction of implement and blender was signifi cant in canola (Tables 8, 9 , and 10).
Biplots were constructed to study the stability of the yieldand stand-related variable responses to determine if any of the implement × blender × drill-fi ll combinations produced below average mean responses and high variability ( Fig. 1  and 2) . Th e biplots indicate that the combination of a dirty blender at the retail point and using a drill-fi ll on the farm created greater instability. None of these combinations appear in Group I in winter wheat or canola, which represents above average grain yield or stand establishment and low variability ( Fig. 1 and 2) . However, 50% of the winter wheat treatment combinations for grain yield in Group III, which represents below average yield and high variability, involved the use of the dirty blender and drill-fi ll. A similar pattern was observed for canola, however, no pattern was observed in spring wheat (Fig. 1) . Th ere does not appear to be any association with a particular implement with the exception of the Valmar, which produced high and stable grain results in all three crops with a clean blender and no drill-fi ll, but low and unstable results when the setting was set to high fan speed or if the blender or drill-fi ll was used. Th e air drill implements, ConservaPak or the Flexi-Coil Easy Flow manifold-header, do not appear to diff er in cereals but canola appears more sensitive to the Easy Flow manifold-header as none of the treatment combinations using this implement produced high and stable grain yield or stand establishment ( Fig. 1 and 2 ).
DISCUSSION
Th e N release data from Exp. 1 indicates canola and winter cereals are more prone than spring cereals to higher standthinning from the toxicity eff ects that were likely associated with higher N release treatments. However, LAI, NDVI, and crop vigor parameters were similar to spring cereals as they usually did not diff er from the check control until the 60% N release treatment. Th e warmer soils in late summer, particularly if soil moisture conditions are ideal, would accelerate hydrolysis and cause greater stand-thinning over spring conditions if N release rates in close proximity to the seed occurred at unsafe levels. Th e smaller seed size of (Harker et al., 2003) . In Exp. 1, plant populations were 80 plants m -2 or greater for the 60% release through to the unabraded treatments. Th us, severe handling would only appear to be an issue if the 60% release rate treatment was exceeded. Th e Harker et al. study (2003) reinforces the concept of an integrated approach as they report conventional industry seeding rates for canola are likely 100 seeds m -2 , which would produce fewer plants and subsequent lower yield (Harker et al., 2003) . Plant populations would be reduced further if release rates for seed-placed urea were excessive. A similar pattern for winter wheat was observed as optimum plant populations, that is, >200 plants m -2 (Beres et al., 2010a; McKenzie et al., 2007b) were maintained until the 60% release treatment. Th e downward trend in stand thinning at lower N release treatment rates is not ideal but both canola and winter wheat would exhibit plasticity to achieve yield potential (Hay and Porter, 2006) . However, if stand thinning caused by the toxicity eff ects associated with excessive N release was concomitant with other biotic or abiotic stresses serving to further reduce stands, yield, and weed competitiveness would likely be reduced (Beres et al., 2010a; Harker et al., 2003) . Th is could explain why we only observed a compensatory response in winter wheat that maintained grain yield at all abrasion levels and not in canola.
Experiment 1 results, therefore, demonstrate that rough handling at the retail point, on the farm, or through a particular implement is not detrimental unless the corresponding N release in water data exceeds 50 or 60%. In Exp. 2, implement choice and handling at the retail point was usually the most signifi cant factor aff ecting fi eld-scored response variables. Release levels were reduced by one-third if proper handling procedures were followed at the retail point. Th e drill-fi ll results were inconsistent but occasionally reduced the effi cacy of ESN. Avoiding steel auger-style drill-fi lls when handling ESN and instead loading directly from mini-bulk tote bags would be ideal. Alternatively, belt conveyor style augers would likely minimize abrasion. Th e Flexi-Coil Easy Flow manifold-header consistently showed higher release values, which was exacerbated when combined with severe retail point handling, and also if handled through a drill-fi ll on the farm. Th e damage and subsequent rapid N release was mitigated if handling at the retail point was appropriate and if the drill-fi ll on the farm was avoided. For example, acceptable plant populations were maintained using the Flexi-Coil if ESN was properly handled at the retailer and the drill-fi ll was avoided. We do not discourage the use of this seeder confi guration or handling combinations but suggest that the results warrant increased stewardship to ensure that abrasion through all handling points is minimized. Preventative measures similar to the retailer strategy of fi rst running other product through the handling equipment and calibrated fan speeds would likely reduce abrasion in the manifold-header of the air drill. Th e only other implement that appeared to infl ict notable abrasion on the polymer coating of the granule was the Valmar air boom applicator. However, this is not a safety issue as this piece of equipment is only used in topdress situations, where there is adequate seed and granule separation. Th e increased release from abrasion might be benefi cial in topdress situations as some immediate release is oft en desirable, but may also increase volatilization losses of N. Other studies have also observed higher release rates for polymer-coated urea using spreader-type applicators (Parish, 2001a) . Th e thickness of the coating has also been shown to infl uence the rate of release following abrasion (Parish, 2001b) . Th e upper limit of seed safety for seed-placed ESN will depend on both the application rate and on the severity of abrasion through the handling process. Th e safe limit for seed-placed urea has generally been 30 kg N ha -1 (Malhi et al., 2003; McKenzie et al., 2007a) for both canola and wheat, but some unpublished studies report lower limits for canola (R.H. McKenzie unpublished data, 2008) . Th erefore, we suggest upper limits of seed-placed ESN at 45 and 90 kg N ha -1 for canola and cereals, respectively. Th e '3x' rates exceed manufacturer upper limits (Agrium, 2006) but our results indicate the rates were well within the safe range unless the product was severely abraded.
CONCLUSIONS
Th is study was conducted to relate polymer-coated ESN release data to crop response variables to determine the eff ect of retail and on-farm handling on the effi cacy of ESN urea when seedplaced with canola or cereals at 3x the safe rate for urea. Th ere was an inverse relationship observed between most crop response variables and increased N release treatments (abrasion). Winter wheat compensated through increased tillering and maintained high grain yield regardless of abrasion severity. Acceptable plant populations were maintained up to the 60% release level and crop canopy diff erences were not as apparent in the latter stages of the vegetative crop phase. With respect to retail and on-farm handling, the most serious abrasion occurred when transferring product in equipment containing scaly deposits; topdress applications with an air boom applicator, or with seeders confi gured with manifold-header systems operating at high air fan speeds. In most cases, the crop compensated to any injury sustained and grain yield was usually unaff ected or could be mitigated through proper equipment maintenance and settings. Research has been initiated to further establish the upper limits of seed safety for seed-placed ESN at varying levels of abrasion. 
